) for the decarboxylation of α-lactylthiamin.
INTRODUCTION
Pyruvate decarboxylase (PDC, EC 4.1.1.1) is a 240 kDa protein [1] that belongs to the lyase carbon-carbon class of enzymes. Its catalytic activity is essential for several metabolic pathways in both prokaryotes and eukaryotes. Typical reactions catalyzed by PDC are the decarboxylation of α-ketoacids in alcoholic fermentation, and the transfer of keto groups among carbohydrates in gluconeogenesis. The most studied PDCs occur in yeasts and bacteria as Saccharomyces cerevisiae (ScPDC) and Zymomonas mobilis (ZmPDC). The structures of ZmPDC and ScPDC were determined by X-ray diffraction at 2.3 Å resolution [2] . In particular, ScPDC crystallizes in an asymmetric unit made of two subunits, but in physiological conditions it assumes homotetrameric form. The individual subunits, formed by a single polypeptide chain, include two topological forms (named α and β), divided in turn into three structural domains. The subunits have a catalytic site with one molecule of the coenzyme thiamin diphosphate (ThDP, see the APPENDIX section for a list of the abbreviations), and one magnesium cation bonding to six molecules of water.
The role of thiamin diphosphate in catalysis has been extensively reviewed by Kluger and Tittmann [3] . While both thiamin diphosphate and Mg 2+ are essential for the catalytic activity of PDC, only ThDP directly participates with its two rings in the mechanism [4, 5] (Scheme 1).
The estimated rate enhancement attained by PDC with respect to the uncatalyzed reaction is 10 12 [6] . For comparison, the rate of the ThDP-catalyzed reaction is 10 6 times slower with respect to the process catalyzed by the full enzyme [2] . The difference in activation free energies between the reaction catalyzed by ThDP only and the corresponding enzymatic process was estimated to be 5 -6 kcal·mol -1 , based on square-wave voltammetry measurements [7] . In ThDP a thiazolium ring and a pyrimidine ring are connected by a methylene bridge (Scheme 2), and interactions with the amino acids at the active site determine its "V" conformation [8] , with the two heterocycles eclipsed [9] . The hydrogen bonds responsible for both the stabilization of the "V" conformation and the close proximity of the pyrimidine N4' and the thiazolium C 2 are Glu50-N1', Gly413-N4', and Ile415-N3'. The proton loss from C 2 of the N-alkyl thiazolium salt gives the ylide/carbene species stabilized by the adjacent nitrogen and sulfur atoms, which determine the nucleophylicity of ThDP in the first catalytic step. It has been established that the H/D exchange at C 2 is impaired when the glutamate interacting with N1' is substituted in mutant yeast PDC [10] , and the pK a of the C 2 -H is 10 9 times larger in the enzyme than in water solution [1] . This difference in the pK a values corresponds to a stabilization of active site is assisted by highly conserved amino acid residues in the various forms of PDCs. Both the nitrogen atoms at the 4' and 1' positions are required for activity [11] , but Jordan argues that the exocyclic nitrogen in the 4'-aminopyrimidine ring is not suitable for acid-base catalysis [12] . The glutamate residue at a short distance from the N1' atom is thought to promote the amino-imino tautomerization (Scheme 2). Mutagenesis studies showed that there is no substitution of acid or base group at the active site that fully abolishes the activity, supporting the participation of the coenzyme in all proton transfers along the pathway.
The cofactor ThDP can exist in two tautomeric forms, i.e. the 4'-aminopyrimidine with an -NH 2 group bound to the C 4 of the aromatic pyrimidine, and the 1',4'-iminopyrimidine, with the =NH moiety bound to the C 4 of the quinoid pyrimidine. Based on circular dichroism (CD) signals on ThDP-dependent enzymes, Nemeria [13] concluded that the 1'-4'-imino form is the favored tautomer in all tetrahedral ThDOP adducts on all pathways. The molecular dynamic simulation (MDS) of Schiøtt [8] on the catalytic active site of the PDC of Zymomonas mobilis individuated Glu50 and Glu473 as the most important amino acid residues for establishing the tautomeric equilibrium between 4'-aminopyrimidine and 1',4'-iminopyrimidine. The proton relay interconverting the two tautomeric forms is not reported to be direct, but mediated by two water molecules.
Direct detection of the steady-state concentrations of the reaction path intermediates by 1 H NMR spectroscopy allowed Tittmann to obtain the rate constants of the elementary steps of the catalytic cycle [14] . The rate constant for H/D exchange in the enzyme is five orders of magnitude greater compared to the corresponding rate for free ThDP ((1.1 ± 0.2) × 10 2 s −1 and (9.5 ± 0.4) × 10
·s −1 for the enzyme-bound ThDP and free ThDP [10] , respectively). The decarboxylation and acetaldehyde release steps in ZmPDC resulted to be rate-limiting with the respective rate constants of 397 ± 20 s -1 and 265 ± 13 s -1 . The important interactions between the amino acid residues at the active site and the various intermediates in decarboxylation reactions catalyzed by ScPDC and ZmPDC are also pointed out in the study by Tittmann, as is the role of the exocyclic 4'-amino group. On the contrary, the carbon kinetic isotope effect study by Huskey [15] on wild type PDC is consistent with the rate-limiting step to be the addition of C 2 to the carbonyl of pyruvate. On the other hand, in indolepyruvate decarboxylase [16] the rate-limiting steps in the catalytic cycles are the nucleophilic attack to the carbonyl (1.25 and 18.45 s -1 for pyruvate and benzoylformate as substrates, respectively) and the product release (3.46 and 37.10 s -1 for pyruvate and benzoylformate, respectively). The release of product involves the hydrogen bond between Glu50 and N1' of the pyrimidine ring, while the His113 and Asp27 residues are important in the carbon protonation of the enamine.
A few computational studies on various aspects of the PDC catalytic cycle are available in the literature. The investigation by Li [17] estimated the decarboxylation barrier in the protein environment to be 16.0 kcal·mol -1 , but the relevant transition structure could not be located. The transition structure for proton transfer from His115/ Asp27 to the aldehyde carbon atom lies 39.58 kcal·mol -1 above the enamine. Since it is argued that the release of acetaldehyde has a barrier of 7.91 kcal·mol -1 with respect to HEThDP, the rate-limiting steps are decarboxylation and carbon protonation. The rotational barriers of the 4'-amino group for thiamin, N1'-protonated thiamin, and N1'-methyl-thiamin were also computed by Friedemann [18] .
The recent computational study by Schiøtt [19] supports the direct proton abstraction from the C 2 by the imino N4' to afford the ylide/carbene with a barrier of 7 -9 kcal·mol -1 . The corresponding process mediated by water as a model of the amino acid residues at the active site exhibits the higher barrier of 13.5 kcal·mol -1 . In this study we aimed at a complete potential energy profile relative to all the steps in the catalytic cycle which could only be obtained with a constant mass model. In the proposed mechanism we conserved the number of atoms in all the elementary steps, and included a sufficiently large system to exhibit an overall zero charge (see Scheme 3 in the Discussion). We could thus provide all the critical points relevant to the catalytic cycle, and were able to avoid the introduction of species external to the mechanism. Doing this, we give the full potential energy profile with the same energy reference. 
METHODS OF CALCULATION
Quantum chemistry calculations were carried out using the Gaussian 03 suite of programs [20] , utilizing redundant internal coordinate geometry optimization [21] . All structures were fully optimized at the B3LYP [22, 23] level of theory with the 6-31G (d, p) basis set. Since it has been observed that geometries and energies are not affected by low polarity solvents, solvation calculations were omitted on the basis of the low dielectric constant of the protein environment (2 -4) [19] . Vibrational frequency calculations were used to characterize all stationary points as either minima or first-order saddle points at the level indicated. The partition functions were evaluated at 298 K and 1 bar. The partition functions were calculated within the rigid-rotor harmonic-oscillator approximation [24] . Molecular graphics were obtained with the program Moldraw [25, 26] .
RESULTS AND DISCUSSION
The catalytic cycle starts from the active species ylide/ carbene thiamin in the 4'-amino tautomeric form (Scheme 3).
As a preliminary step to the catalytic cycle, a proton is transferred from the C 2 of the N-alkyl thiazolium ring in structure 1 to the 4'-imino group of the 1',4'-iminopyrimidine (Figure 1) with formation of the active ylide/ carbene species 2. The need for a computed barrier for this process was pointed out by Schiøtt [8] . The step is exothermic by 10.40 kcal·mol -1 , with a small barrier of 1.79 kcal·mol -1 . In order to form the active species, the imino-ThDP cation is made to interact with the carboxylate of model Glu50 (acetate anion), resulting in the proton transfer from N1' to the carboxylate in structure 1, with a dipole moment of 6.4 debye. In the following transition structure (TS-12), the proton bound to C 2 of the N-alkyl thiazolium ring in structure 1 is transferred to the 4'-imino group of the 1',4'-iminopyrimidine, with formation of the active ylide/carbene species 2 ( Figure  2) . This result is in agreement with the study of Schiøtt [19] , who concluded that the energetically favored generation of the ylide/carbene is direct, without the intervention of hydrogen-bonding amino acid residues. Since the catalytic cycle no longer involves structure 1, the energy profile will be based on the potential energy of species 2, conventionally placed at 0.00 kcal·mol , respectively. The following discussion will be based on two types of potential energy differences, namely energies with respect to reactant cluster 2 (ΔU in Figures 1-7) , and energy barriers with respect to the previous minimum in the catalytic cycle (ΔU th ). This distinction follows from the short equilibration time for the energy redistribution among vibrational modes in the substrate given by the interaction of the reacting species with the active site. In other words, the vibrational kinetic energy from an exothermic step cannot fully contribute to overcoming the following potential energy barrier, since the excess reaction energy is promptly transferred to the active site through dynamical coupling. Consequently, a negative potential energy barrier (if computed with respect to minimum 2) does not necessarily imply a fast kinetic step, and we also correctly report the same barrier calculated with respect to the previous minimum. In structure 2 the ylide/carbene moiety has the necessary nucleophilicity at C 2 to attack the carbonyl group in the pyruvic acid. In fact, a Mulliken population analysis on 2 shows that the charges on C 2 , S 1 , and N 3 are -0.14, 0.22, -0.41, respectively. The corresponding dipole moment of 2 is 2.4 debye. In both structures 1 and 2, the "V" conformation is retained by the full geometry optimization. In this light, we considered all the subsequent mechanistic steps to proceed with the only participation of ThDP. This result is in line with the previous interpretation of enzyme catalysis that individuates the role of the protein to be dynamic in nature [27] .
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Openly accessible at http://www.scirp.org/journal/ns/ Since the individual kinetic steps are slower than energy thermalization of the reaction intermediates, we chose to discuss the barriers defined as potential energy differences with respect to the previous minimum (ΔU th ). The nucleophilic ylide/carbene 2 attacks the carbonyl group of pyruvic acid in TS-23 (Figure 2) , with a barrier of 4.75 kcal·mol -1 , to afford LThDP 3 (Figure 3) , 15.31 kcal·mol -1 below the energy of 2. The reaction eigenvector of TS-23 displays the formation of the bond between C 2 and the carbonyl at 2.094 Å, with a concerted proton transfer from the carboxylic group of pyruvic acid to the carbonyl oxygen. Consequently, the carboxylate group of the pyruvate in structure 3 bears a negative charge leading to a strong hydrogen bond at 1.878 Å between the carboxylate oxygen and the proximal hydrogen of the N4' imine group (Figure 3) . Structure 3 decarboxylates bringing the C-C bond from the equilibrium distance of 1.517 Å to 2.297 Å in TS-34 (Figure 3) , with a thermal barrier of 10.82 kcal·mol -1 . In enamine 4 (Figure 4) , 12.70 kcal·mol -1 below the energy of structure 2, the double bond between C 2 and the exocyclic carbon of the enol substrate is exposed to the acidic hydrogen of the N4' imine group. TS-45 (Figure 4) , with a thermal barrier of 20.55 kcal·mol -1 , depicts the proton transfer from the 4'-aminopyrimidine to the enol exocyclic carbon atom, and it represents the rate-determining step of the whole mechanism, as suggested by Kluger [28] . Coexisting kinetic isotope effects at both the carbonyl carbon of pyruvate and the exocyclic 4' nitrogen of ThDP may confirm this hypothesis [29] . The transferring proton exhibits comparable distances from the two heavy atoms (1.363 Å from the N4' imine nitrogen and 1.336 Å from the enol carbon). Structure 5 ( Figure 5) is a zwitterion with the major contribution to the positive end of the dipole (7.6 debye) on S 1 (0.35 charge from the Mul-liken population analysis). The negative end of the dipole rests on the pyrimidine N1', with a charge of -0.60. In minimum 5, the 4'-iminopyrimidine moiety with its basic nitrogen atom is restored, ready to accept a proton this time from the OH group in TS-56 ( Figure 5 ) to afford the 4'-aminopyrimidine 6 with a thermal barrier of only 1.08 kcal·mol -1
. Structure 6 (Figure 6 ) exhibits the acetaldehyde moiety of the final product in the form of an adduct with the ylide/carbene at -9.06 kcal·mol -1 from reactant 2. The transition structure TS-67 gives the final product 7 (Figure 7) , i.e. a complex of the ylide/carbene with product acetaldehyde, with a thermal barrier of 7.85 kcal·mol -1 . In structure TS-67 the bond between C 2 and the carbonyl in the substrate is elongated from the equilibrium value of 1.563 Å to 2.176 Å.
The potential energy profile of the mechanistic cycle is summarized in Figure 8 , where the energies relative to the reactant 2 are reported in black, and the thermal barriers in red. Tables 1 and 2 report the absolute and relative energies for the enzyme-catalyzed decarboxylation of pyruvic acid and the corresponding reaction in water, respectively. The uncatalyzed decarboxylation of pyruvic acid in water was studied at the same level of theory as the catalyzed process in order to have a reference energy profile to gauge the catalytic effect of ThDP. For this process, Kakkar reports a free energy barrier of 77.3 kcal·mol -1 for the direct decarboxylation of pyruvic acid in water solution at the DFT level [30] . In the direct mechanism the carboxylic proton of pyruvic acid is transferred to the carbonyl carbon with the immediate formation of acetaldehyde and CO 2 in one step. The alternative mechanism of decarboxylation of pyruvic acid through hydroxyethylidene has been reported to be favored with respect to direct decarboxylation at the PM3 level of theory [31] , but it did not afford a first-order saddle point both in the gas and condensed phase at the DFT level. The structures of the critical points along the reaction path for the uncatalyzed decarboxylation of pyruvic acid in this work are summarized in Figure 9 . A first-order saddle point for the decarboxylation of the pyruvic acidwater cluster 1 u could not be located, the potential energy surface being always attractive for any distance between the carbonyl carbon and the leaving CO 2 . The hydroxyethylidene 2 u lies 52.94 kcal·mol -1 above the reagent cluster 1 u , while the potential energy of the following transition structure (TS-23 u ) for the insertion of hydroxyethylidene into the O-H bond of a water molecule is 60.77 kcal·mol -1 above the reagent, with a thermal barrier of only 7.83 kcal·mol -1 . The insertion product 3 u is the hydrated form of acetaldehyde, 8.41 kcal·mol -1 below the reactant. The transition structure for the elimination of water from 3 u , (TS-34 u ) exhibits a thermal barrier of 43.59 kcal·mol -1 , leading to the final product 4 u , the cluster of acetaldehyde with a water molecule and CO 2 , 4.39 kcal·mol -1 below the reactant. The rate-determining step for this process is clearly the loss of CO 2 from reagent cluster 1 u , requiring at least 52.94 kcal·mol -1 , and making the rate for the uncatalyzed decarboxylation of pyruvic acid virtually negligible. Saito [32] reports an experimental decarboxylation barrier for pyruvic acid in the gas phase at 850 -1000 K of 40.0 kcal·mol -1 . The corresponding calculated barrier at the HF/6-3lG**//HF/ 3-21G level of theory is 40.8 kcal·mol -1 . On the other hand, the rate of decarboxylation of α-lactylamin has been reported by Kluger to be 4.0 10 -5 s -1 at pH = 7, and the rate for the conversion of pyruvate to acetaldehyde by yeast pyruvate decarboxylase is six orders of magnitude higher with respect to the nonenzymatic decarboxylation catalyzed by ThDP [28] . Based on the measured barrier for the uncatalyzed decarboxylation reaction, and an estimated barrier (derived from conventional transition state theory, using the experimental rate constant for the decarboxylation of α-lactylthiamin catalyzed by ThDP in water, and the calculated partition functions of 4 and TS-45) of 24.76 kcal·mol -1 , the catalytic effect of the coenzyme amounts to 15.24 kcal·mol -1 . This estimate is in reasonable agreement with the 20.55 kcal·mol -1 barrier for the rate-determining step proposed in this work. The remaining increase in rate for the full enzyme-catalyzed process with respect to the ThDP-catalyzed reaction in water (six orders of magnitude), can be ascribed to the dynamics of the coupling of the protein to the substrate [33] .
CONCLUSIONS
1) A complete computed potential energy profile for the enzymatic decarboxylation of pyruvic acid catalyzed by a model thiamin diphosphate is proposed. The formation of the active ylide/carbene species appears to be direct.
2) The rate-determining step of the whole reaction path is the proton transfer from the N4' imine group to the exocyclic carbon in enamine 4, with a barrier of 20.55 kcal·mol -1 relative to the preceding minimum. The estimated experimental barrier is 24.76 kcal·mol -1 .
3) The proposed mechanism does not require the intervention of external groups to supply the needed acidic protons and is completely self-consistent.
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